Pancreatic islets are highly vascularized and arranged so that regions containing ␤-cells are distinct from those containing other cell types. Although islet blood flow has been studied extensively, little is known about the dynamics of islet blood flow during hypoglycemia or hyperglycemia. To investigate changes in islet blood flow as a function of blood glucose level, we clamped blood glucose sequentially at hyperglycemic (ϳ300 mg/dl or 16.8 mM) and hypoglycemic (ϳ50 mg/dl or 2.8 mM) levels while simultaneously imaging intraislet blood flow in mouse models that express green fluorescent protein in the ␤-cells or yellow fluorescent protein in the ␣-cells. Using line scanning confocal microscopy, in vivo blood flow was assayed after intravenous injection of fluorescent dextran or sulforhodamine-labeled red blood cells. Regardless of the sequence of hypoglycemia and hyperglycemia, islet blood flow is faster during hyperglycemia, and apparent blood volume is greater during hyperglycemia than during hypoglycemia. However, there is no change in the order of perfusion of different islet endocrine cell types in hypoglycemia compared with hyperglycemia, with the islet core of ␤-cells usually perfused first. In contrast to the results in islets, there was no significant difference in flow rate in the exocrine pancreas during hyperglycemia compared with hypoglycemia. These results indicate that glucose differentially regulates blood flow in the pancreatic islet vasculature independently of blood flow in the rest of the pancreas.
THE ISLETS OF LANGERHANS are highly vascularized miniorgans within the pancreas. Researchers have long observed an intimate relationship between pancreatic islets and their distinguished vasculature (7) . The vessels within the islet are more numerous and more tortuous than vessels in the surrounding exocrine tissue (2, 4) . These characteristics of islet vasculature are likely related to the islets' function of sensing and responding to changes in blood glucose. The morphology of the pancreatic islet is notable in that regions containing ␤-cells are distinct from those containing ␣-and ␦-cells (19) . However, investigations of the physiological importance of this distinct cellular organization of the islet and its vasculature are limited (19, 26, 27) .
Prior studies have shown two predominant islet blood flow patterns in murine islets (6, 18, 23, 25) . The most common pattern is where the blood initially perfuses the islet core and then the islet perimeter (3, 18, 22, 25) . In the second pattern, blood flows from one side of the islet to the other side, and thus perfuses core and perimeter areas simultaneously (16, 18) . The majority of these experimental data, however, have been gathered irrespective of blood glucose levels. Thus, little is known about islet blood flow during different metabolic states or changes in blood glucose levels. Since it has been suggested that glucose and/or insulin levels affect blood flow (10), we examined the islet blood flow dynamics as a function of blood glucose level.
To examine the effects of changes in blood glucose on islet blood flow direction, speed, and intensity, we clamped blood glucose in anesthetized animals at both hyperglycemic and hypoglycemic levels. Using fast line-scanning confocal microscopy, we measured blood flow velocity within the islet and in the surrounding exocrine tissue by use of fluorescent dextran injected into the blood plasma and fluorescently labeled red blood cells. The data show that islet blood flow is faster and islet blood volume greater during hyperglycemia compared with hypoglycemia. In contrast, blood flow dynamics through the exocrine pancreas were not different during hyperglycemia or hypoglycemia, which suggests that glucose-induced differences in blood flow are specific to the islet vasculature.
METHODS

Animals.
All experiments involving mice were approved by and performed according to the guidelines of the Vanderbilt University Institutional Animal Care and Use Committee. The mouse insulin I promoter-green fluorescent protein (MIP-GFP) transgenic mice were courtesy of Hara and Bell from the University of Chicago (9, 20) . The Glucagon-Cre mice were obtained from MMRRC at the University of North Carolina, Chapel Hill (20) and bred with Rosa26-YFP reporter mice (24) to produce Glucagon-Cre-YFP mice. Clamp studies from 16 mice were used for data analysis.
Surgical catheterization and pancreas exteriorization for imaging studies. Catheters were placed in the left common carotid artery and right jugular vein as previously described (1, 17) . The free ends of catheters were tunneled under the skin to the back of the neck, where they were exteriorized and sealed with stainless steel plugs. Lines were flushed the next day with 10 -50 l of saline containing 200 U/ml heparin and 5 mg/ml ampicillin (Sigma, St Louis, MO). Animals were individually housed after surgery, and body weight was recorded. The success rate of the surgery and catheterization procedures was ϳ70%. Mice were allowed to recover from surgery for 1 day.
For imaging, mice were anesthetized using an intraperitoneal injection of xylazine-ketamine (20/80 mg/kg). An incision was made in the abdominal cavity so that the splenic end of the pancreas could be visualized, as described previously (18) . A coverslip wrapped with gauze bedding was placed gently on the abdominal cavity, and the pancreas-spleen connection was fixed over the bedding. The mouse was then placed prone on the stage so that the pancreas was in contact with the coverslip. Mice were covered with a heating pad to maintain body temperature throughout the imaging period.
Hyperglycemic and hypoglycemia clamps. After the mice were allowed to recover overnight, a baseline sample was drawn for measurement of glucose. In 5 of the 13 studies, we performed the hypoglycemic clamp experiments first, and in 8 of the studies we perfomed hyperglycemic clamp experiments before the hypoglycemic clamp experiments. For the protocol in which hypoglycemia was achieved before hyperglycemia, 10 mU/kg insulin was infused at a constant rate of 1.5 l/min until hypoglycemia (50 mg/dl) was achieved (8, 21) . After the measurements had been taken, glucose was infused with insulin as necessary to attain hyperglycemia on the basis of feedback from frequent arterial glucose measurements (ϳ5 l; HemoCue, Mission Viejo, CA). For the protocol in which hyperglycemia was achieved before hypoglycemia, 10 mU/kg insulin plus glucose was infused at a constant rate of 1.5 l/min until hyperglycemia (300 mg/dl) was achieved. After images had been collected, insulin alone was infused until hypoglycemia was reached. The fluid removed for blood glucose testing did not exceed 60 l/h. Fluid replacement was a minimum of 90 l/h plus an additional .06 -2.59 l/min infused with the glucose clamp to achieve hyperglycemia. In addition, the abdominal cavity and pancreas were hydrated with saline throughout the experiment to minimize any fluid loss in the open abdominal cavity. For the purpose of this paper, hyperglycemia refers to a blood glucose of ϳ300 mg/dl, and hypoglycemia refers to a blood glucose ϳ50 mg/dl.
In vivo fluorescence imaging. To label blood cells by osmotic loading, ϳ100 l of red blood cells was added to a water-sulforhodamine mixture [225 l H 20 and 25 l sulforhodamine (25 mg/ml, Molecular Probes)] and then incubated for 10 min at room temperature. Following the addition of 30 l of 10ϫ PBS to restore normal osmolarity, the mixture was centrifuged at 4,000 rpm for 1 min. The supernatant was decanted, and labeled red blood cells were washed with heparin-saline four times and then suspended in saline for injection.
An LSM5 LIVE (Carl Zeiss) laser scanning confocal microscope was used for imaging with a ϫ20/0.8 NA planapochromat objective lens. The slit aperture was adjusted for each channel to allow for optimal signal-to-noise ratio and spatial resolution in each sample. After the pancreas was exposed on the microscope stage, islets were found by eye using epifluorescence to identify the green fluorescent protein (GFP)-or yellow fluorescent protein (YFP)-positive regions. Islets were identified close to the surface for the best resolution possible. Once the GFP-labeled ␤-cells were found, they were imaged using the 488-nm diode laser line for excitation and a band-pass 495-525 emission filter for detection. Once the imaging parameters were established, imaging commenced at ϳ70 fps, and then 50 l of rhodamine dextran-or sulforhodamine-labeled red blood cells was injected into the ocular plexus. After the filling of the pancreas or islet vasculature, images were saved and analyzed.
Two million MW rhodamine dextran tracer (Molecular Probes) or Cy5.5 dextran tracer (Nanocs) was then injected via the ocular plexus to visualize blood flow. Sulforhodamine-labeled red blood cells were injected for assessing red blood cell speeds during hyperglycemia and hypoglycemia. Rhodamine dextran-or sulforhodamine-labeled red blood cells were imaged using the 532-nm diode laser line for excitation and a band-pass 560 -675 emission filter for detection. Cy5.5 dextran was imaged using a 635-nm diode laser for excitation and a long-pass 650 emission filter for detection. To assess islet blood flow directionality, Z-stacks were made in increments of 4 m over an average of 25-40 m in depth. Images were acquired at a rate of ϳ70 fps; e.g., 10 images at different focal planes could be repeated 7 times/second (18) . The microscope focal plane nearest to the bottom of the islet or the side closest to the coverglass was called the "top" boundary, and the "bottom" boundary was selected from the focal plane in the image farthest from the coverglass. For imaging red blood cell speeds in hyperglycemia and hypoglycemia, single-plane image series were taken at 108 fps.
Blood flow analysis. To investigate the dynamics of flowing red blood cells in the islet and the exocrine tissue during hypoglycemia and hyperglycemia, we timed and tracked individual red blood cells in time series captured using the LSM 5 live during both hyperglycemia and hypoglycemia. Because of the high spatial and temporal resolution of the images taken in vivo, we were able to measure individual cell trajectories extracted from 1,000 -4,000 image frames. All im- ages were analyzed using region-of-interest (ROI) analysis using the microscope software (Zeiss LSM5 v. 4.0). The figures presented in this paper have been contrast-enhanced to aid visualization; however, all data analysis was conducted on the original raw images before any contrast enhancement.
To determine the blood vessel filling rates during hyperglycemia and hypoglycemia, we determined the arrival time of a bolus at each of the selected ROIs by finding the first time point that met both of the following criteria: 1) the ROI had an intensity value greater than the arithmetic mean, and 2) intensities at each following time point had to have increased monotonically until the first local maxima was reached. We used the intensity mean as a trigger value to minimize the effects of background noise. Comparison included filling rates, intensity differences, and regional differences during hyperglycemia vs. hypoglycemia.
Statistics. Student's t-tests were used to analyze comparison of ROIs during hyperglycemia and hypoglycemia. P values Ͻ 0.05 were considered significant.
RESULTS
Identifying and imaging islets and islet blood flow in vivo.
For the experiments described herein, we first needed to locate and focus on a single islet within the intact pancreas. To assess the exact location of ␣-cells and ␤-cells in relation to their neighboring vessels, we utilized two mouse models expressing fluorescent proteins specifically in either ␣-cells or ␤-cells (Fig. 1A) . MIP-GFP mice expressed the enhanced GFP in pancreatic ␤-cells (9) and the Glucagon-Cre-YFP mice expressed YFP in ␣-cells (20) . In both models, islets could be located and imaged efficiently within 200 m of the pancreatic surface, and, in every pancreas examined, at least one islet meeting this criterion could be found. Three-dimensionally resolved optical slices (Z-stacks) were acquired through much of an islet in either MIP-GFP mice (Fig. 1B) or Glucagon-Cre-YFP mice (Fig. 1C) . The resulting Z-stacks were used to define a partial islet volume for the subsequent imaging of blood flow.
We measured blood flow using two different approaches, by tracing a bolus injection of fluorescent dextran into the bloodstream (Fig. 1D) and by imaging fluorescently labeled red blood cells (Fig. 1E) . The first method images blood plasma flow and has been previously described (18) . For the imaging of red blood cells (15), we injected sulforhodamine-labeled red blood cells and collected a series of images. Because of the high spatial and temporal resolution of these images, we could measure individual cell trajectories extracted from a series of 1,000 -4,000 images. The use of sulforhodamine-labeled red blood cells is particularly well suited for visualization of flow velocity (Supplemental Movies 1 and 2; supplemental materials are found in the online version of this paper at the Journal website).
Glucose clamp experiments. To investigate whether or not blood flow dynamics are dependent on blood glucose concentration, hyperglycemic or hypoglycemic conditions were induced in mice undergoing imaging experiments. The experimental protocol timeline ( Fig. 2A) shows that each experimental run required between 90 and 180 min. For experimental design 1 ( Fig. 2A, top) , Fig. 2 . Glucose clamp experiments. A: time line for experimental design shows that, after the mouse was anesthetized, the pancreas exteriorized, and islet located, blood glucose levels were measured every 10 min. For experimental design 1, where experiments were conducted first under hyperglycemia and then hypoglycemia, the mouse was given insulin continuously and varying amounts of glucose until the hyperglycemic state was achieved. A series of images was then taken to capture injection of fluorescent dextran as it filled the islet in the hyperglycemic state. The glucose infusion was terminated while insulin infusion was kept constant to achieve hypoglycemia (ϳ50 mg/dl). A second injection of fluorescent dextran was imaged in the hypoglycemic state. For experimental design 2, where experiments were conducted first under hypoglycemia and then hyperglycemia, the mouse was infused continuously with insulin until hypoglycemia was achieved, at which time images were taken. Following this, the mouse was infused with both insulin and glucose to achieve hyperglycemia, when another set of images was taken to capture the filling of the islet after a fluorescent dextran injection. B: glucose levels during a representative design 1 experiment where hyperglycemia was achieved before hypoglycemia. C: glucose levels during a representative design 2 experiment where hypoglycemia was achieved before hyperglycemia.
the mouse was given a constant amount of insulin and varying amounts of glucose until a hyperglycemic state was attained (ϳ300 mg/dl). A series of images was taken to capture the injection of rhodamine or Cy5.5 dextran as it filled the islet during this hyperglycemic state. The glucose infusion was terminated while insulin infusion was kept constant to achieve hypoglycemia. A second injection of fluorescent dextran was imaged during the hypoglycemic state (a representative example of blood glucose levels during this procedure is shown in Fig. 2B ). For experimental design 2 ( Fig. 2A, bottom) , the mouse was infused with a constant level of insulin until hypoglycemia was achieved, at which time images were taken as fluorescent dextran filled the islet during hypoglycemia. Following this, the mouse was infused with both insulin and glucose to achieve hyperglycemia where another set of images was taken to capture the filling of the islet after injection with a differently labeled dextran (a representative example of blood glucose levels during this procedure is shown in Fig. 2C) .
Islet blood flow intensity during hyperglycemia and hypoglycemia. Neither MIP-GFP nor Glucagon-Cre-YFP islets show a difference in the direction of islet blood flow during hyperglycemia and hypoglycemia. However, total islet blood flow intensity increased in the hyperglycemic state (Fig. 3A) . After a bolus injection of fluorescent dextran, the amount of fluorescence measured in the islet vasculature was greater during hyperglycemia than during hypoglycemia (Fig. 3, A and 3B ). To assess whether this change in flow intensity could be attributed to the duration of insulin administration, the order of the hypoglycemic and hyperglycemic clamp experiments was varied (i.e., in some studies we performed the hyperglycemic clamp before the hypoglycemic clamp and in others we clamped hypoglycemia before hyperglycemia). Islet blood flow intensity was decreased during hypoglycemia regardless of whether hypoglycemia or hyperglycemia was clamped first (Fig. 3, C and D) , indicating that blood flow intensity changes were likely due to changes in blood glucose rather than to the order of hyperglycemia/hypoglycemia or duration of insulin administration.
Blood flow velocity during hyperglycemia and hypoglycemia. We next addressed the question whether the increase in fluorescent signal was due to blood flow velocity, vascular volume, or both. After a bolus injection of fluorescent dextran, the islet blood vessel filling rate was slower during hypoglycemia (Fig. 4,  A-D) than it was during hyperglycemia (Fig. 4, E-H) . With the two experimental protocols shown in Fig. 2A , the measured filling rate of the islet was shorter (i.e., faster) during hyperglycemia than it was during hypoglycemia regardless of the order that these glucose levels were introduced (Fig. 4, I and J) . Following experimental design 1 (hypoglycemia before hyperglycemia), four mice demonstrated faster flow in hyperglycemia, two mice showed islet blood flow filling rates that were faster in hypoglycemia than in hyperglycemia, one mouse showed the same filling rate during both treatments, and the results from one mouse were indeterminate (Fig. 4I) . Following experimental design 2 (hyperglycemia before hypoglycemia), five mice demonstrated faster filling rates in hyperglycemia than in hypoglycemia, one mouse demonstrated faster filling fate in hypoglycemia, and the results from one mouse were indeterminate (Fig. 4J) .
These data suggest that blood flow velocity contributes to the increased fluorescence intensity measured during hypergly- cemia. To measure directly whether islet blood flow is faster in hyperglycemia than hypoglycemia, labeled red blood cells were injected into the ocular plexus of the mouse at the beginning of the clamp experiments. Single-plane time series were collected at 108 fps, and the red blood cells were tracked over time to assess their speed during both hyperglycemia and hypoglycemia ( Fig. 5A and Supplemental Movie 1). The same procedure could be performed to measure blood flow in the surrounding exocrine tissue during hyperglycemia and hypoglycemia ( Fig. 5B and Supplemental Movie 2). Despite a wide variation of blood cell velocities in different vessels, islet blood flow was significantly faster during hyperglycemia than during hypoglycemia (Fig. 5C ). In contrast, exocrine blood flow was not significantly different during hyperglycemia compared with hypoglycemia (Fig. 5C ).
Regional differences in flow during hyperglycemia and hypoglycemia. Beyond the global changes in blood flow velocity seen between hypoglycemia and hyperglycemia, we sometimes observed regional differences in flow within islets between the different glycemic conditions (noted in ϳ30% of the islets examined). A small number of vessels exhibited very little or no flow under hypoglycemic conditions (Fig. 6A,  arrows) despite the fact that they were fully active during hyperglycemia (Fig. 6B, arrows) . In at least one islet, this effect was observed throughout a significant portion of the islet, where there was a marked reduction in flow during the hypoglycemic state (Supplemental Fig. 1, A-C) .
DISCUSSION
We used glucose clamp methods in combination with genetically modified reporter mice and high-speed laser scanning microscopy to capture the dynamics of pancreatic islet and exocrine tissue blood flow under different metabolic conditions. Our aim was to investigate the effects of blood glucose concentration on islet blood flow. Many previous studies examining islet blood flow used techniques that were limited to static assessments in post mortem experimental periods. In this report, we applied a novel real-time technique that provided dynamic information that could not be acquired by other methods.
Throughout these experiments, we consistently measured significant differences in blood flow magnitude and velocity as a function of blood glucose level. Islet blood flow velocity and intensity were greater during hyperglycemia than during hypoglycemia, suggesting that hyperglycemia may lead to increased islet perfusion. By comparing the filling rate following injection of a bolus of fluorescent dextran during hyperglycemia and hypoglycemia, we found that the vast majority of islets have slower filling rates in hypoglycemia (Fig. 4) . This regulation of islet blood flow as a function of glucose level was also confirmed using a complementary technique to track labeled red blood cells flowing though the islet using line scanning confocal microscopy. Our experimental approach provides direct visualization and quantification of blood cell velocities during hyperglycemia and hypoglycemia. This permits a direct comparison with flow speeds in the surrounding exocrine tissue during the same imaging session and under the same blood glucose levels. Our findings show that islet blood flow velocity is higher during hyperglycemia and lower during hypoglycemia but that flow rates in the surrounding exocrine tissue are not glucose concentration dependent (Fig. 5) . We did note a range of blood cell velocities in different vessels in both the islet and exocrine tissue, and this may reflect different vessel sizes as well as differences in venous vs. arterial flow.
These findings suggest that the rise in blood glucose in the postprandial state increases islet blood flow and that this may contribute to more rapid insulin delivery into the circulation. The pancreatic islet is a highly vascularized tissue, and a reduction in islet vessel density has been shown to impair glucose tolerance (5) . These findings suggest that a rapid rise in insulin secretion, in response to a glucose challenge, is aided by both increased vessel density in the islet and the glucoseinduced increase in islet blood flow. The islet specificity of glucose-induced increase in blood flow is highlighted by the lack of a similar response in exocrine blood flow in the same pancreatic study (Fig. 5) . Whether the glucose-induced increase in islet blood flow may be detrimental under pathological states like chronic hyperglycemia is not known (11) . Likewise, the reduced islet blood flow during hypoglycemia suggests that a glucose level below the physiological range slows insulin delivery into the systemic circulation, as would be desired during hypoglycemia. By comparing islet blood flow intensity to the glucose-secreting ␣-cells during hypoglycemia, we tested the hypothesis that hypoglycemia would promote increased ␣-cell perifusion. However, we did not find evidence to support cell type-dependent regional blood flow within the islet.
One surprise was the observations of localized differences in flow velocities within a single islet. Such differences were observed in ϳ30% of the islets and generally involved one or more vessels that exhibited near-zero flow rates during hypoglycemia (Fig. 6) . In one islet, there was a large region of low flow during hypoglycemia, whereas the entire islet was perfused uniformly during hyperglycemia (Supplemental Fig. 1 ). These regional differences were not observed in every islet but were sufficiently common to suggest that this effect may be a normal component of islet blood flow regulation during hypoglycemia. Such a regulation would provide an additional mechanism for reducing insulin delivery during hypoglycemia. To investigate whether these changes were due to the administration of insulin for long periods of time, we altered the order in which we measured flow during hyperglycemia and hypoglycemia. There were no significant differences due to the order of hyperglycemia/hypoglycemia or the duration of insulin administration (Fig. 3) . Considering that insulin was infused at a constant rate, the data suggest that glucose, not insulin, plays the major role in directly regulating islet blood flow intensity and speed.
The use of anesthesia and the effect it has on blood glucose homeostasis may be a limitation of these studies. We used continuous infusion of glucose and insulin during the experiments to minimize any potential artifact, but we cannot rule out the possibility that our results were affected by the anesthesia. Possible effects of blood pressure variation during anesthesia cannot be excluded from our results. However, we do not expect this to be a major effect in this work, based on previous results in rats treated with pharmacological interventions affecting the rennin-angiotension system, which showed that systemic blood pressure decreases did not affect islet blood flow (10) . The data presented in this paper are also limited to islets close to the surface in the tail region of the pancreas. Although we do not have any evidence that this sampling of islets results in a bias, it is possible that investigation of such a small percentage of the islets in the mouse is not representative of the whole pancreas. Still, our results are consistent with previously published data (12, 13) . Also, the islets varied in size: large, medium, and small. Multiple islets in the same mouse were studied in only a few cases where the islets were visible, and in each case the blood flow dynamics were found to be similar.
The mechanisms regulating islet blood flow are not completely understood. Studies from Jansson et al. (13) suggest that islet blood flow is regulated via a complex interaction among vasodilators and vasoconstrictors, gastrointestinal peptides, and the autonomic nervous system. Our results did not investigate a role for the nervous system in this regulation, but we and others (14) have not found evidence of smooth muscle actin within the islet. The areas of reduced islet flow during hypoglycemia appear to be entire vessels, thus providing some support for a role of sphincter or valve regulation in islet blood flow. Future studies will be required to elucidate the mechanism(s) by which glucose regulates islet blood flow. 
